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(54) Ptasma nltrldatlon oT a silicon oxide film 

(57) Diseased are a mettxxl and appeiatus for 
forming an insulating fim on ttie surface of a semicon- 
ductor substrate (1) capable of inproving ttie quatity 
and eledrical properties of the Insulating fim )Mth no 
employmerYt of high-temperature heating and with good 
controfiabflfty. After the surface of a silicon substrate is 
cleaned, a siBcon dioxide film having a ttw:i9Yess of 1-20 
nm is formed on ttie substrate surface. The siHcon sii>- 
strate is ea^xsed to plasma generated t3y electron 
impact. whHe the silicon substrate is maintained at a 
temperature of 0*0 to 700'*C. Thus, nrtrogen atoms are 
incorporated krto ttie silicon dksxide fim. obtaining a 
modified insulating film having good eiectricaJ proper- 
ties. 
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Description 

BACKGROUND OF THE INVENTION 
FieW of the Invention: 

The present invention relates to a method tor form- 
ing an insulating film on the surface of a semiconductor 
substrate and to an apparatus for carrying out the 
method. 

Descripticn of the Related Art: 

Conventionaly. sHicon oxynitride fims are used as 
gate insulation films and capacitor insulating fims for 
senrvconductor devices, particularly, when they are sili- 
con devices. MOS (Metal Oxide Semiconductor) tran- 
sistors swj MOS capacitors. These InsUaling films 
nrujst have a high dielectric breakdc^ voltage and a 
Wgh dielectric breakdown charge amount. A wafer 
cleaning process plays an important role in attainment 
of the requirement, as wafers must be property cleaned 
and have a low fixed electric charge density and a low 
irtterlace state density. 

Along with a recent tendency to reduce the geome- 
try and iro-ease integration of seriiicorductor deoce dr- 
cufts. gate insulating fims and capQC^ insulating films 
are becoming thinner. Rx example, under the design 
rule of 0.1 Jim or less, gate insulating films nrwst be as 
thin as 3 nm or less. 

Acccrdvig to a converttionaJ method for forming 
gate insulating fflms of MOS transistors, a semiconduc- 
tor substrate is exposed to an atmosphere of dnitrogen 
monoxide (N2O) or nitrogen monoxide (NO) at a high 
temperature of about 1000 •C. Altematively. a wafer is 
heated to a tenperature of about 700**C in an ammonia 
atmosphere. 

Also, conventional methods for forming oxynitride 
films at low temperatures include the foflowing: thermal 
oxynitridation is performed while ultraviolet rays are 
radiated; and siScon is drectly nitrided through expch 
sure to nitrogen corrpound plasma or nitrogen gas 
plasma. However, these methods fail to form thin high- 
quality oxynitride films with good controllability and 
reprodudbiiity. 

Conventionally practiced thermal oxynitridation 
using N2O gas has involved the follcwing problems: 
heating at high tenperatures is required: the amount of 
nitrogen atoms incorporated into a formed ootynitride 
film is relatively small; and the quality of a silicon dioxide 
film is not suftidentiy improved. According to conven- 
tionally practiced thermal oxynitridation using NO gas. a 
heating temperature is as low as about 900*C. and the 
amount of nitrogen atoms incorporated into a formed 
oxynitride film increases somewhat; however, the 
method has involved the problem that the thideiess of a 
formed oxynitride fflm cannot be made greater than a 
certain level. Conventionally practiced thermal oxynitri- 


dation using ammon'a gas has involved ttie following 
problem. A formed oxynitride fBm comains a large 
amount of hydrogen, which serves as an electron trap, 
causing an impairment m film quality. Thus, in order to 
5 eliminate hydrogen, after an oxynHride film is formed, 
the film must be heated to a temperature of about 1000 
"^C or must be ooddized. 

Alsa conventionally practiced direct oxynitridalion 
using plasma has involved the problem that flm quality 
10 is impaired due to plasma damage. Particularly, the 
generation of interface state not only Inpairs hot-carrier 
properties of a transistor but also causes an unstable 
threshold voltage of a transistor and irrpaired mobiity of 
carriers, which induce a fatal problem for. particularty. 
15 fine-pattemed devicea 

Further, ttie fine patterning of an elen^ent requires a 
reduction in thermal treatmerrt temperatura Accord- 
ingly, high-temperature heating has raised the proUenrK 
of dopant dHfusion and defect generation. In RF- 
20 piasnia-activated oxyriitridationofasaiconcfioxidefim, 
the use of NH3 plasma enables a relatively large 
amount of nitrogen atoms to be incorporated into the 
tim. but causes a relatively large amount of hydrogen 
atoms to also be incorporated into the fifrn. As a result, 
25 inrpairment in fim quality is involved. Alsa the use of N2 
plasma has involved insuffident imprcvenr^ern of fim 
quality, since the amount of nitrogen atoms incorpo- 
rated into a tibn is relatively small. (Refer to. for exam- 
ple. R Fa22»i. M. Dutoit and M. legems. 'Appled 
30 Surface Science- Vol. 30. p. 224. 1967.) 

SUf^MARY OF THE INVENTION 

The present invention has been accomplished to 
35 solve the above^nentioned problems involved in con- 
ventional methods for forming an insulating fflm into 
which nitrogen atoms are incorporated. An object of the 
present invention is to provide a method for forming on 
the surface of a semiconductor substrate a highK^iality 
40 instating film into which a large amount of nitrogen 
atoms are incorporated, mfllmi^ 
aura liip ft i u j^ii' ^ "H ti gimd oo trti u l labilt y. 

To acNe/e the above object, the present invention 
provides a method for foming an insulating fim on the 
45 surfaceofasenriconductorsU)strate.corTprisingastep 
of exposing to plasma generated by electron impact an 
instating fim deposited on the surface of the semicon- 
ductor substrate. Through exposure to plasma, the insu- 
lating film is modified. Preferably, an adequate voltage is 
50 applied between an electron source or a grid electrode 
and the semiconductor substrate so as to prevent the 
occurence of a charge-up effect on the insulating flm 
during exposure to plasma. 

Preferably, the insulating film to be exposed to 
55 plasma is a silicon dioxide film having a thidmess of 1 - 
20 nm. This thickness range provides an appropriate 
f 'ral fim thickness to ultra-thin gate insulating f flms and 
capacitor insulating films of MIS transistors and MIS 
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capadtofs. The sificon dkaxkJe film is deposited on a 
substrate through thefmai owdation, chernical vapor- 
phase ^OM^, chemical oxidation, physical vapor-phase 
growrth, piasma-assisted chemical vapor-phase grcwth, 
or the like. 

Pre^eiaWy. the semiconductor sii>strate is formed 
of at least a single material selected from the groip cori- 
sisting of single crystalline siicon. polycryslalline sili- 
con, amorphous silicon, gallium arsenide, indiun 
phosphide, silicon carbide, silicon germanium, and sfli- 
coo genranium caibida These materials expand the 
range of applications of semiconductor sitetrates 
formed thereof. 

PreferaWy. plasma is generated by electron impact 
on a single gas selected from the group consisting of is 
the foflovving A through H: 

A. Nitrogen gas 

B. h420gas 

CNOgas ^ 
□.Ammonia gas 

E. The mixture of tiwo or more gases c* A to D 

F. The rwxture ofanyolAtoDandan inert gas 
such as argon, neon, or the like 
aTbeinxtureofanyof AtoOanddryoxygen 25 
H. Hie mixture of any of A to D and sleam^»ntain- 
ingopcygen 

Any of the above gases A to H are suited for mocfi- 
fying,tt¥Oughrttridatk)n, a siicon dcDddefi>nd€p 30 
on, for example, a siicon substrate of a semk»nclictor. 

Preferably, exposure to pJasrria is performed while a 
heat treatment temperature is maintained within the 
range of 0 **C to lOC^C, Low-temperature oocynitridatfon 
enables the achie/enwrt of the object of the present 35 
inverrtion. 

According to the above-mentfoned method of the 
present inventfon, an insulating film having a thidoiess 
of 1-20 nm is deposited on a semiconductor sUxtrale. 
subsequently, the thus-deposited insulating filnrt is 40 
exposed to plasma generated by electron impact whie 
sentoxiductor sitetrate temperature is maintained at 
700*C or tower. As a result, an insulating film having 
uniformly high quality can be formed on a semfoonAjc- 
tor substrate in an effident ratfonal nr^nner and with 46 
good controHabilrty. 

In the thus-formed insdating film, nitrogen atoms 
are contained at a relatively high concentration near the 
surface of the f im and near the interface between the 
insulating film and the semiconductor substrate. Nrtro- so 
gen atoms contained near the interface improve inter- 
face properties and enable the formatkxi of a high- 
quality insulating film having a tow interlace state den- 
sity. 

Further, nitrogen atoms contained in the thi«- S6 
formed insulating film near the surface improve surface 
properties of the insulating fim. Thus, the insulating film 
becomes sufficiently fine against diffusion thereinto of 


impurities, such as boron. 

The quality of an insulating film formed in accord- 
ance with the present inventkDn depends on a metlxxl of 
depositing an original insulating film on a semiconduc- 
tor surface. Also, an oxynitridatfon rate, the nitrogen 
content of an insulating film, and the dep*hwise distribu- 
tfon of nitrogen contained in an insulating film depend 
on the temperature and time of heat treatment, the type 
of gaseous atmosphere, the temperatue of a thermoe- 
lectron soiffce for carrying out electron impact and a 
voltage applied between a grid and a fiament for accel- 
eration of electrona Under preferred condrtfons of the 
present inventfon, an insulating fim deposited on a 
semiconductor substrate can be nitrided at a tenpera- 
tureofO'CtoTOCrC. 

According to the present inventkxv an insula&ig 
film can be modified at a tow temperature not higher 
than KXrC through exposure to ptesma generated by 
electron impact. Through use 0* the thus-mocfified insu- 
lating fim as a gale insulating filnv an dewtee hav- 
ing high perfommnce can be realized. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The structure and features of the method and appa- 
ratus for forming an insulating film on the surface d a 
semiconductor substrate accordmg to the present 
invention wii be readiy appreciated as the ssme 
becomes better understood ty referring to the drawings. 

in which: 

FIGS. 1Ato1F are sectional views shewing a proc- 
ess of fomning an MOS capacitor thnxigh use d a 
method for modifying an insulating fim deposited 
on a semiconductor substrate according to a first 
en*odin^ of the present invention: 
FIG. 2 is a graph showing x-ray photoelectron spec- 
troscopy spectra which were observed by spectro- 
scopic measurement of a silicon cSodde film formed 
by heating a aficon substrate at a temperature o# 
860*C for 12 ironutes in a steanH»ntaining oxygen 
atmosphere after washing and renrwval of native 
CDode fim; 

FIG. 3 is a graph showing x-ray photoelectron spec- 
troscopy spectra which were observed by spectro- 
scopic measurement of the silicon dfoxide fim 
which had been exposed, at 25^ for 1 hour, to 
nitrogen plasma generated by electron impact; 
FIG. 4 is a graph showing syr«hrotron radiation 
ultraviolet photoelectron spectroscopy spectra 
which were observed by spectroscopic measure- 
ment of the silicon dkxxide film fonned on the silicon 
substrate; 

FIG. 5 is a graph showing synchrotron radiation 
ultraviolet photoelectron spectra which were 
C3bserved try spectroscopic measurement of the sil- 
icon dioxide film which had been exposed, at 25«C 
tor 1 hour, to nitrogen plasma generated by electron 
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impact; 

FIG. 6 Is a graph shewing the resutt of plotting the 
ratio of the quantity of nitrogen atoms to the sum of 
the quantity of oxygen atoms and the quantity of 
nitrogen atoms along dstance from an insulating s 
film surface for an insulating fPm which was 
obtained by modifying the siicon dioodde fBm 
tt¥ou^ exposure, at 25"C tor 1 hour, to nitrogen 
plasma generated by electron impact; 
FIG. 7 is a yaph showing x-ray photoelectron spec- ro 
troscopy spectra which were obseofed by spectro- 
scopic measurement of the sificon dioxide fim 
which had been exposed, at TOO^C for 1 hour, to 
nitrogen plasma generated by electron impact; 
FIG. 8 is a graph showing synchrotron radiation i5 
ultraviolet photoelectron spectra which were 
observed t>y spectroscopic measurement of the sil- 
icon dioxide film which had been exposed, at TOCTC 
for 1 hour, to nitrogen plasma generated by electron 

intact; ^ 
FIG. 9 is a graph showing the resutt d plotting the 
ratio of the quantity of nitrogen atoms to the sum of 
the quantity of oxygen atonrre and the quantity of 
nitrogen atoms along cSstance from an insulating 
film surface for an insulating fflm which was 2S 
obtained by modifying the sTicon dksdde Urn 
ttrooc^i exposure, at 700*0 for 1 hour, to nitrogen 
plasma generated by electron inrpact; and 
FIG. 10 fe a schematic view showing an ^jparatus 
for forrring an insulating film on semiconductor sU>- 30 
strate surface according to a second embodnnent 
of the present invention. 

BRIEF DESCRIPTION OF THE PREFERRED 
EMBODIMENTS ^ 

Entxxliments of the present invention will next be 
described in detail with reference to the drawings. 

FKj. lAto1F show a process of forming an insulat- 
ing fim on a semiconductor substrate according to a 40 
first embodment of the present invention. In the present 
entxxJiment. an MOS capacitor is formed on a silicon 
substrate, which is an example of the semiconductor 
substrate. 

46 

(1) An isolation region 2 and an active region 4 
were formed on a silicon substrate 1 through use of 
a known selective oxidation technique. A native 
oxide fim 8 was present on the surface of the active 
region 4 (FIG. 1 A). Specifically, the silicon substrate so 
1 was a p-type (100) substrate having a resistivity of 
10-15ncm. The isolation regon 2 was an LOCOS 
(kxal oxidation of silicon) oxide film having a thick- 
ness of 500 nm. 

(2) In order to dean the active region 4. a wafer was ss 
cleaned by a known RCA cleaning nr^ethod (W. 
Kern. D. A. Plutien: RCA Review, 31. pp. 187. 
1970). Subsequentty, the wafer was immersed in a 


dlute HF solution (0.5 vol. % aqueous solution of 
HF) for 5 rnnutes. thereby removing the native 
oxide fim 8 from the surface of the sifoon substrate 
1 (FIG. IB). In order to form a higtvquality silicon 
dioxkle film on a silicon substrate surface 3. the sur- 
face 3 must be dean. AccorcSntfy. after removal of 
the native oxide film 8 from the surface 3. impurities 
must be removed from the surface 3. 
(3) The wafer was rinsed with uHrapure water for 5 
ninutes. Subsequently, the wafer was oxidized at a 
tenperature of 850"C m a steanvcorrtaining oxygen 
atmosphere, thereby fbrniing a sificon dwodde film 5 
having a th«kness of 8 nm on the siicon siiwlrate 
1 (FIG. 1C). In addition to the above-mentioned 
thermal oxidation method of ttie present embodi- 
ment, methods of forming an insulating fim on a 
semiconductor substrate surface indude the foHow- 
fog: a vapor-phase growth melfiod in which monosi- 
lane is thermally decomposed arxJ deposited on a 
substrate surface; a sputtering melhod; an electron 
t)eam evaporation melhod; a resistance lieatmg 
evaporation method; an anode ooddation mettxxl; 
and a chemical nriethod for forming a silicon diox^ 
fim in wtiich a semiconductor is immersed in nitric 
add. perchloric add, or the fike. 

As mentioned above in (2). the native oxide fim 
8 must be removed conplet^ in order to form, in 
the next step, the dean, ho m og e nous slicon (fiooc- 
ideflm 5. 

(4) A tungsten filament was heated to a tenrpera- 
tue of 140a*C in a nitrogen atmosphere having a 
reduced pressure of 1 .5 x 1 0'^ Ton^. A voHage o* 53 
V was s^ied between the f lament and a ^ elec- 
trode so as to accelerate thermoelectrons emitted 
from the taament and to make the acceterated ther- 
moelectrons impinged on nitrogen nrxDiecules. 
thereby generating nitrogen plasma. The sflicon 
dcDode film 5 was exposed to the generated 
plasnw, obtaining a nrxxWied insulating film 6 (FIG. 
1D). In this case, the semiconductor sUbstrate w«s 
heated to a temperature of 700*»C or aBowed to 
stand at room temperatura A voltage of -10 V wHh 
respect to the grid electrode was applied to the 
semiconductor substrate. As a result of this voltage 
E^ication. positive ions and electrons in plasma 
inpinge, in the same amount on the semiconduc- 
tor substrate. Consequently, current became zero 
in the impingement position of the semiconductor 
substrate, thereby preventing damage to the *reu- 
lating film 6 which would otherwise result from a 
charge-up effect 

(5) An aluninum film 7 was deposited in a thickness 
of 1 Jim through sputtering (FIG. IE). A gate elec- 
trode was patterned on the aluninum film 7 by a 
known photolithogrBphy technique. Sii)sequent!y. 
the aluminun fim 7 was etched tjy a known dry 
etching technique, thereby forming a gate electrode 
9 (FIG. 1F). 
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FIG. 2 shews x-ray photoelectron spectroscopy 
(hereinafter referred to as XPS) spectra wNch were 
observed by spectroscopic measurement o< the silicon 
dioxide fSm 5 after the silicon wafer was heated at a 
tenperature of 850'C tor 12 minutes in the steam^on- 5 
taining oxygen atmosphere. 

The ^bove^nentioned XPS spectra were measu-ed 
through use of a spectrometer. ESCALAB220i-XU from 
VG SCIENTIFIC. In this case, an employed X-ray 
source was an AlKa radiation source having an energy 1 
of 1487 eV. Photoelectrons were obsen^ in a direction 
perpendicular to a film surface. A peak (1) is dwived 
from photoelectrons from an O 1s orbital 0* the siScon 
dioxide fim 5. The measured spectra reveals that no 
peak is present In »iN Is orbital region, indicating that i 
nitrogen atoms are not contained in the silkxxi dkxxkie 
f8m 5. 

FK3. 3 shows XPS spectra whteh were observed by 
spectroscopic measu-ement of the silicon dkwide fikn 5 
which had been exposed, at 25*»C fori hour, to nitrogen i 
plasrra generated by electron impact in the step of FIG. 
1D. 

As seen from Fia 3. a peak (2) is derived from pho- 
toelectrons from an N is orbital. Based on the areal 
intensity ratio between the peak (2) and the abcve-men- 
tkx)ed peak (1). the ratk) of the number of nitrogen 
atoms contained in a surface region ranging from the 
surface to a depth of about 3 pm to the sun ol the 
nurrt)ef of oxygen atonre contained in the region and 
the nuT*)er of nitrogen atoms contained in the reigkxi 
was cakxilated as 29%. The depth of aboU 3 nm is a 
depth of release of photoelectrons. This indcates that 
through exposure of the silicon dk»dde fim 5 to nitrogen 
plasma generated by electron impact, nitrogen atoms 
are incorporated into the film, i.e., the film is modffied. 

FIG. 4 shows synchrotron radiation uHravk)let pho- 
toelectron spectroscopy (hereinafter referred to as 
UPS) spectra which were observed by spectroscopfc 
measurement of the silicon doxkle f Hm 5 formed on the 
silicon substrata 

The UPS spectra were measured at the Natfonal 
Laboratory lor High Energy Physics through use of the 
BL-3B beanvfine. In this case, the energy of an inckJent 
l>eam was 65 eV. Through absorption of the incident 
beam energy, photoelectrons are released over a depth 
of 6-7 angstroms. Accordingly, an obsen/ed regfon 
ranges from the surface to a depth of 6-7 angstroms. 
The enployed reference of energy was Fermi level. A 
peak (1) is derived from photoelectrons from an O 2s 
orbital. 

FKj. 5 shows UPS spectra which were observed by 
spectroscopic measurement of the silicon dwxkie film 5 
which had been exposed, at 25'»C for 1 hour, to nitrogen 
plasn« generated by electron impact in the step of FIG. 
ID. 

In this case, the energy of an incident beam was 65 
eV. A peak (2) is derived from photoelectrons from an N 
2s ortHtal of silicon nitride (Si3N4). A peak (3) is derived 


from photoelectrons from the mixed ort^ital of an N 2p 
oibrtaJ of Si3N4 and an Si 3s orbital of Si3N4. A peak (4) 
is derived from the mixed ortDital of an N 2p ortxtal of 
Si3N4 and an Si 3p orbital of Si3N4. A peak (5) is derived 
from photoelectrons from an N 2p nonbonding orbital. 
(C. Senemaud. M. Driss-Khod)a. A. Gheorghiu. S. 
Harel, G. Dufbur, and H. Roulet "Journal of AppBed 
Physics." Vol. 74 (1993). p.5042) 


The above spectral feature indk^tes that through 
tur^ lol illfrdgen'i^^^ by ciedron fa^p>act. 



RG. 6 shows the result of ptotting the ratio d the 


quantity of nitrogen atoms to the sum of the quantity of 
oxygen atoms and the quantrty of nitrogen atoms akxig 
distance from an insulating film surface for the insulating 
fim 6 ¥»^hkrfi was obtained by modifying the silkxxi <to- 
20 ide fftn 5 throuc^i exposure, at room temperature, to 
nitrogen plasma generated by electron impact 

The ^Dove ptotted measurements were obtained in 
the foltowing manner: the surface of the insUating film 6 
was ^Bdually etched by means of argon tons having a 
25 kinetk: energy of 2 keV; subsequently, the fim 6 was 
measured for XPS spectra. As seen from Fia 6. the 
quantity of nitrogen atoms is large near the surface of 
the insulating fim 6 and is next large near the i nterfac e 
between the insUating tarn 6 and the silkxxi sU»trate 
30 The *ove-ment»ned increase in the qMantity ol 
nitrogen atonrw near the interface is not caused by a 
nitrogen-atom drive pherwmenon induced by inckJent 
argon tons. i.a. not caused l>y a knock-on effect of nitro- 
gen atoms. If the knock-on effect is involved, the quan- 
35 tity of oxygen atoms must also increase near the 
interface because the mass of an oxygen atom is ctose 
to that of a nitrogen atom. However, the quantity of oxy- 
gen atoms is decreased near the interface. 

Nitrogen aton« which exist near the surface of an 
40 insulating fim prevent impurities, such as boron con- 
tained in a gate electrode of a P channel transistor of a 
dual gate CMOS devfoe. from entering the insiiating 

fim. ^ 
Also, nitrogen atoms whkii exist near the surface of 

46 an insulating film conceivably terrrinate dangling bond, 
strain bond, or the Bke near the interlace between an 
a»de film and an upper electrode (aluminum in the 
present enfoodiment; polycrystailine silken in some 
case). Effects yieWed by this feature mdude a reductfon 

50 in interface state, an increase in dielectric breakdown 
charge amount, and dielectric breaHdown voltage. 

Also, a peek derived from nitrogen atoms is also 
obsen/ed near the interface between an oxklefilm and 
a silicon substrate. In an MOS structure, the interface 

55 between an oxide film and a silkxxi sii»lrate plays a 
very inportant role in terms of electrical properties such 
as dielectric breakdown properties and interface proper- 
ties. Nitrogen atoms wNch exist near the interface also 
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firmly terminate dangling bond, broken bend, and strain 
bond near the interface, thereby reducing interface state 
density and preventing an impairment in a portion of an 
insulating film located near the interface which wotid 
othenwse occur due to application of a current stress, 5 
Thus» the method lor forming an insulating fim accord- 
ing to the present invention can modify properties cA an 
insulating fSm in terms of both surface and interface, 
thereby en^ng the realization of a high-performance 
ultra-thin insulating f ilm. 

FIG. 7 shows XPS spectra wWch were observed by 
spectroscopic measurement of the silicon dioxide film 5 
which had been exposed, at 700*0 for 1 hour, to nitro- 
gen pfasn« generated by electron impact. 

Based on the areal intensity ratio between a peak is 
(2) and a peak (1) derived from photoelectrons froman 
O Is orbrtal. the ratio of the number of nitrogen atoms 
contained in a surface regkxi ranging from the suface 
to a depth of about 3 nm to the sum o< the number of 
oxygen atoms contained in the regton and the number 20 
of nitrogen atoms contained in the regfon was cateu- 
lated as 11%. Binding energy at the peak (1) revealed 
that 1 nitrogen atom was bound to 3 silicon atoms. 

FIG. 8 shows UPS spectra which were observed by 
spectro6Copk:rneasuremertoflhesilkx)ndk)xidefifcm5 2s 
vvhich had been exposed, at TOO^C tor 1 hour, to nitro- 
gen plasn« generated by electron impact 

A peak (1 ) is derived from photoelectrons from an O 

2s orbftal. A peak (2) is derived from photoelectrons 
from an N 2s orbital. A spectral proiae over a bindng 30 
energy range of 0 eV to 15 eV changes to seme degree 
as a result of exposure of the sificon dtoxide film 5 to 
nitrogen plasma. However, a peak derived from Si3N4 is 
not observed. A relatively siroil nitrogen content of 1 1% 
has reveled that an oxynrtride film is fornried at a sur- 3s 
face region of the silkxxi dtoxide film 5. 

FIG. 9 shows the result of ptotting the ratio of the 
quantity of nitrogen atoms to the sum of the quantity of 
oxygen atoow and the quantity of nitrogen atoms atong 
dist»)ce from an insulating fim surface tor the insulating 4o 
film 6 which was obtai ned by modifying the siHcon dlcK- 
ide film 5 through eocposure. at 700»C. to nitrogen 
plasma generated by electron impact Ihe ptotted 
measurements reveal that the quantity of nitrogen 
atoms is relatively large near the surface of the film 6 46 
and near the interface between the f ilm 6 and the silicon 
substrate. 

The abo/e-mentioned resiits indicate that nitrogen 
can be contained in a surface region of an insulating fflm 
at a refatively high concentration when the heating tem- so 
perature of a semkXHXjucta substrate is rather tow. The 

nitrogen concentration can be controlled through adjust- 
ment of the heating temperature. In the case of expo- 
sure, at room temperature, to pfasma. the nitrogen 
concentration near the surface is signifwantty higher 56 
than that near the interface. By contrast, in the case of 
exposure, at 700'*C. to plasma, the nitrogen concentra- 
tion near the interface is higher than that near the sur- 


face. This also demonstrates that ttie nitrogen profile in 
the film can be controlled. 

Next, a second embodiment of the present inven- 
tion will be described. 

FIG. 10 shows a schematic configuration of an 
apparatus tor farming an insulating film on the surface of 
a semtoonductor substrate. 

As shown m FIG. 10. In a horizontally etongated 
chani>er 101. a semiconductor substrate 102 is sup- 
ported horizontally on sMPPort pins 101 A. The chamber 
101 is famed of stainless steel SUS 316 and has a vol- 
ume of about 18000 cm^ 

A thennoelectron source (tongsten filament) 104. a 
^ electrode 105, and a mesh electrode 106 are pro- 
vided at an upper portion of the chairtoer 101 . A voltage 
can be applied to both ends of the filament 104 so as to 
heat the filament 104 in order to release thermoelec- 
trons from the heated fiamert 104. A voltage can be 
applied to the grid electrode 105 so as to accelerate 
thermoelectrons released from the fiament 104. 

A voltage can also be appled to the mesh electrode 

106 and the semfconductor substrate 102. Through 
adustment of the applied voltages, incident charge on 
the surface of an insulating fim can be made zera to 
thereby prevent the charge-tp effect on the insiJating 
film. Hatogen lanps 103 are tocated above and under 
the chantoer 101. The chamber 101 has quartz ^ass 
windows at portions corresponding to the hatogen 
lanps 103. The tatogen temps 103 are adapted to heal 

the semkx)rxjuctor substrate 108. 

In the dOove-mentioned apparatus for forming an 
insJating film, an oxygen introduction line 107, a waXef 
v^xx introduction line 108, a nitrogen gas introduction 
line 109. an N2O gas introduction line 110. an NO gas 
introduction line 1 1 1 . an argon gas introduction line 112, 

and an HF gas introduction line 113 are connected to 
the left-hand end (FIG. 10) of the chamber 101. Thew 
gases react singly or in connbination on the surface of 
the semiconductor 102. The introduced gas (gases) is 
evacuated from an evacualton port 114 tocated at the 
right-hand end (FIG. 10) of the chamber 101. An actual 
apparatus has a semkxxiductor substrate transfer 
mechanism, a control unit, a power unit, a temperature 
measurement ur^ eta The present embodiment 
merely refers to a chamber and its peripheral portion 
related to an actual process and to voltage applfcation. 

Next will be described a process of tanning an insu- 
lating film on a substrate through use of an apparatus 
having the abovedescrtoed structure. In ttiis case, a 
sin^e crystaHine sflk»n substrate h»nng a diameter of 
200 mm and a surface area of 31 4 cm2 v«s used as the 

semiconductor substrate 102. 

First, ttie semkX)nductor substrate (single crystal- 
line silicon sttetrate) 102 was set in a predetemnined 
position within ttie chamber 101. In order to remove a 
native oxide film from the surface of the sil>strate 102, 
anhydrous HF gas was introduced into the chamber 101 
at a flow rate of 20 cc/min for about 30 seconds. 
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As a result the native owde film was conpletely 

renwed from ttie surface of the semiconductor sU>- 

strate (single crystalline silicon siiDStrate) 102. and a 

dean silicon surface was exposed. 

Next, while oxygen gas was being introduced into 
the ctent)er 101 at a flow rate of 5(X)0 ccMwi. the senv 

iconductof substrate (single cryslaline silicon sub- 
strate) 102 was heated by the halogen lamps 103 such 
that the substrate surface temperature becomes 1000 
•C. Heating at the temperature was maintained for 120 
seconds. As a result a siScon dcodde flm having a 
thickness of 8 nm was formed on the surface of the sU>- 
strate 1 02. At this tinrie. through the introduction of water 
vapor instead of oxygen or together with oxygen, a sili- 
con dioxide film having a predetermined thickness wil 
be £*)ie to be obtained at a lower temperatura 

Subsequently, the chamber 101 was evacuated. 
Then, nitrogen gas was introduced into the chamber 
101 so as to establish a pressue of 0.5 Tort within the 
chancer 101 . In this case, the ftow rate of nitrogen gas 

wasSOcc/min. 

Next the filament 104 was activated so that it «s 
heated to a teoperature of 1300^0. A voltage of 23 V 
with respect to the fiament 104 was applied to the grid 
electrode 105 so as to generate nitrogen plasma 
through electron impact on nitrogen moteoJes. 

I n ttis case, a voltage of -5 V with respect to the 
yid electrode 105 was appfied to the mesh electrode 
1 06. A voltage of -1 0 V with respect to the yid electrode 
105 was a|)plied to the semiconductor sUxtrate (sinc^e 
cryst^ine silicon substrate) 102. The substrate 102 
was heated by the halogen lamps 103 such that the 
substrate suface tenrperature becomes 400 "C. In this 
state, a silicon doxide film was exposed to nitrogen 
plasma la 1 hou. thereby modifying the silicon dioxide 
fnm. 

Aiso. in the present embodiment, the nitrogen atom 
concentration of an insulating film and the depthwtee 
profile of ritrogen atoms contained in the insulating film 
can be easily controlled through ac^ustment of the fol- 
lowing factors: the heating tenperatue of the semicon- 
ductor substrate (single crystalline silicon sii>strate) 
102; the flow rate of nitrogen gas introduced into the 
chan*)er 101; time for which an insulating fBm is 
exposed to plasma; the temperature of Ihe tiamert 104; 
and a voltage applied to the grid electrode 105. 

After an oxynitride film is formed on the surface of 
the semiconductor substrate (single crystaBine silicon 
substrate) 102. an MOS deflce can be fabricated in 
accordance with the MOS capacitor fabrication flow of 
FIG. 1. 

The present embodiment has been descrtoed while 
nitrogen gas is employed. However, the object of the 
present invention can be achieved through use of any 
conpound gas other than nitrogen gas so long as nitro- 
gen atoms are contained. Examples of such a conv 
pound gas include NgO gas. NO gas. and ammonia In 
this case, argon gas. neon gas. or like gas may be 


mixed in. 

The present embodiment has been described wtiile 
the semkxxiduclor substrate 102 is heated at a temper- 
ature of 400 ''C. However, the sii>strate heating temper- 
5 ature is not limited thereto The substrate 102 may be 
heated at a temperature of 0**C to 700*0. 

The present embodiment has been described while 
the halogen famps 103 are used to heat the sixface of 
the seniconductor sitetrate 102. A heating method is 
10 not Pmited thereto. Resistance heating may be 

emptoyed. 

The first and secorri embodimefts have been 
descrtoed wNle a single crystalline siTicon si tetrate i s 
used as a semiconductor substrate. HcNwever. sU»trate 
15 material is not finited thereta The semiconAJCtor sub- 
strate may be of pdycrystalline sfficon, amorphous siB- 
con. gallkim arsenide, indium phosphide. sScon 
germanium, silk»n germanium carbide, or silicon car- 
bide. 

20 The present invention is not limited to the above- 
described entxxSments. hiumerous mocfificatkx« and 
variatfons of the present invention are possible in light c# 
the spirit of the present invention, and they are not 
excluded from the scope off the present invention. 

25 

Oaims 

1. A iTWthod for fornning an insufating fim ontfie sur- 
face off a semwonduclor substrate, compri sing a 
30 step off exposing to plasma generated by electron 
irpact an insulating fim formed on Ihe surface d 
the semicorxlucta substrate (1). 


2- A method for forming an insulating fim on the sur- 
as face off a semiconductor substrate accorcing to 
Claim 1 . wherein the insulating film formed on the 
surface of the semiconductor substrate is a sSicon 
odde fim having a thickness off 1 -20 nm. 

40 3. A method for forming an insulating ffim on the sur- 
face of a semiconductor substrate accofiSng to 
Claim 1. wherein plasma is generated by electron 
ifTpact on a gas selected from the group consisting 
off a nitrogen-atom-containing compound gas. nitro- 

45 gen. dmitrogen monoxide (N2O). nitrogen monox- 
ide (NO), and ammonia. 

4. A method for Ibrming an insulating fim on the sur- 
face off a semiconductor substrate accoftSng to 

50 Claim 1. wherein the semiconAjctor substrate is 
formed of at least a single material selected from 
the group consisting of single crystalline siBcon. 
pdycrystalHne silicon, amorphous silicon, gallium 
^senide. indium phosphide, silicon carbide, silicon 

55 germanium, and silicon germanium carbide 

5. A method for forming an insulating fim on the sur- 
face of a semiconductor substrate accorcfing to 
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CJaim 1. wherein the insulalinQ film formed on the 
surface of the semicooductor sitetrate is a fim 
formed through thermal oxidation, chemical v^xx- 
phase growth. chemicaJ oxidation, plasma-assisted 
chemicaJ vapor-phase growth, physical vapor- 5 
phase growth, or the lika 

6. A method for forming an insulating f Dm on the sur- 
face of a semiconductor substrate accordmg to 
Claim 1. wheren two peaks of nitrogen concentra- to 
tion exist in the insulating film, one near the suface 

of the tam and the other near the interface l)etwe€n 
the insulating fim and the semioonductor substrate 
and wherein the peaked nitrogen concentrations 
range between 0.1% by atom and 60% by atomL is 

7. An apparatus lor carrying out the method of Claim 
1,comprisir)g: 

a chamber formed of metal and having quartz 20 
wirxfows; 

hatogen lamps disposed above and inder said 
chamber and ad^Tted to heat a semiconductor 
substrate through the quartz windows; 
a filament to which voltage is applied for gener- 2S 

ating plasma: 

a grid electrode deposed above said fSament 
and supplied with a voltage; arxi 
a mesh electrode disposed bek3w sakl filament 
and supplied with a voltage: ^ 

wherein said mesh electrode, said fila- 
ment and said ^ electrode are located 
above the semiconductor substrate; ard a gas 
is introduced into said chamber from one end 
of said chamber and is Mcuated from tt)e 36 
other end of said chamber (101). 

8. An appOTtus accord*r»g to Claim 7, wf^rein gas to 
be introduced into said chamber includes anhy- 
drous HF. oxygen, water vapor. 1^0. NO, NH3. and 40 

H2, 
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